The present study was designed to evaluate the differences in the coronary vasodilator actions of serotonin (5-HT) in isolated heart obtained from naive or castrated male and female rats that were treated with either estrogen or testosterone. Hearts from 12 groups of rats were used: male and female naive animals, castrated, castrated and treated with 17ß-estradiol (0.5 µg kg -1 day -1 ) for 7 or 30 days, and castrated and treated with testosterone (0.5 mg kg -1 day -1 ) for 7 or 30 days. After treatment, the vascular reactivity of the coronary bed was evaluated. Baseline coronary perfusion pressure (CPP) was determined and dose-response curves to 5-HT were generated. Baseline CPP differed between male (70 ± 6 mmHg, N = 10) and female (115 ± 6 mmHg, N = 12) naive rats. Maximal 5-HT-induced coronary vasodilation was higher (P<0.05) in naive female than in naive male rats. In both sexes, 5-HT produced endothelium-dependent coronary vasodilation. After castration, there was no significant difference in baseline CPP between hearts obtained from male and female rats (75 ± 7 mmHg, N = 8, and 83 ± 5 mmHg, N = 8, respectively). Castration reduced the 5-HT-induced maximal vasodilation in female and male rats (P<0.05). Estrogen treatment of castrated female rats restored (P<0.05) the vascular reactivity. In castrated male rats, 30 days of estrogen treatment increased (P<0.05) the responsiveness to 5-HT. The endothelium-dependent coronary vasodilator actions of 5-HT are greater in female rats and are modulated by estrogen. A knowledge of the mechanism of action of estrogen on coronary arteries could aid in the development of new therapeutic strategies and potentially decrease the incidence of cardiovascular disease in both sexes. 
Introduction
Coronary artery disease is an important cause of morbidity and mortality. The disease involves increased vasoconstrictor responses, enhanced interaction of circulating blood cells with blood vessel walls and proliferation and migration of vascular smooth muscle (1) . These events impair coronary blood flow during exercise and under resting conditions. Several studies have demonstrated that the incidence of cardiovascular diseases is higher in men compared with premenopausal women. This difference also exists in agonist-induced vascular responses of experimental animals (2) (3) (4) . Although little is known about the mechanisms underlying this phenomenon, epidemiological and experimental evidence indicates that female sex hormones, in particular 17ß-estradiol, have protective effects against cardiovascular diseases (5, 6) because estrogen replacement therapy reduces the incidence of coronary artery disease (7, 8) .
A number of potential mechanisms for the protective effect of estrogens on coronary arteries have been proposed. Estrogen has a beneficial effect on plasma lipoproteins, increasing HDL cholesterol and decreasing LDL cholesterol (9) . Although early studies suggested that 50 to 60% of the protective effect of estrogens on coronary disease was due to the favorable changes in plasma lipids, recent data suggest that this protection is closer to 25% (10, 11) . Estrogen also appears to inhibit cholesterol deposition on arterial walls (12) . Moreover, estrogen has a number of other properties that may result in cardiovascular protection. For instance, a considerable body of data suggest that an important protective effect of estrogen is to potentiate the actions of endothelium-derived relaxing factors (13) (14) (15) . Additionally, estrogen can enhance the effects of calcium channel blocking agents (16) . Studies of the acute hemodynamic effects of estrogen have reported increases in cardiac output and peripheral blood flow in both humans and experimental animals (17) . 17ß-Estradiol has been shown to induce relaxation of precontracted coronary artery rings and to inhibit calcium influx in isolated cardiac myocytes (18) . Only a few studies have addressed the actions of estrogen on the coronary vascular bed. Although there are clear indications that endothelial function is altered by estrogens, the effects of endogenous estrogens on the coronary vascular actions of serotonin (5-HT) have not yet been elucidated for the entire coronary bed. The effects of 5-HT, an autacoid released during platelet aggregation, have been evaluated in some preparations of coronary arteries in vitro and in vivo. 5-HT is a potent vasodilator of the coronary bed in isolated hearts and in situ (19, 20) and may have an important role in coronary tone in patients with healthy coronary arteries. 5-HT causes a dose-dependent increase in coronary blood flow, as well as an increase in coronary artery diameter that is mediated by endothelial relaxing factors (21) . In contrast, in patients with coronary atherosclerotic lesions or impaired endothelium, 5-HT causes a dose-dependent vasoconstriction (20) .
The present study was designed to evaluate the differences in vascular reactivity to 5-HT between males and females and to evaluate the effects of castration and treatment with sex hormones on the modulation of the vascular reactivity of the coronary vascular bed to 5-HT in isolated hearts.
Material and Methods
The investigation was conducted in compliance with the Guide for Biomedical Research, as stated by the Brazilian Societies of Experimental Biology, and with the guiding principles of other physiological societies for research involving animals. The experiments were performed on isolated perfused hearts from young (3 months old) male and female Wistar rats. Under ether anesthesia, half of the male and female rats used were castrated and left untreated for 30 days. Twelve groups of male and female animals were used in the present study: naive, castrated, castrated and treated with 17ß-estradiol propionate (0.5 µg kg -1 day -1 ; Sigma Chemical Co., St. Louis, MO, USA) for 7 or 30 days, and castrated and treated with testosterone enanthate (0.5 mg kg -1 day -1 ; Sigma) for 7 or 30 days. The estrous cycle of naive female rats was continuously monitored through vaginal smears. This group was submitted to the experimental protocol one day after the day of estrus. The treated animals received daily sc injections of 17ß-estradiol or testosterone dissolved in sunflower seed oil.
After the different treatment periods the rats were anesthetized with pentobarbital sodium (40 mg/kg, ip) and injected sc with heparin (100 units/kg). Fifteen minutes after heparin injection, the rats were killed and the hearts were excised immediately and perfused at a constant flow. The studies on the responsiveness of the coronary vascular bed were performed on whole hearts using a Langendorff preparation for perfused isolated hearts. Briefly, using a Langendorff apparatus (Hugo Sachs Electronics, MarchHugstetten, Germany), the isolated hearts were perfused with modified Krebs solution containing 120 mM NaCl, . H 2 O, 27.0 mM NaHCO 3 , 1.2 mM Na 2 SO 4 , 0.03 mM EDTA, and 11.0 mM glucose, equilibrated with 95% oxygen and 5% carbon dioxide at a controlled pressure of 100 mmHg to give a pH of 7.4, perfused at a rate of 10 ml/min with a peristaltic pump (MS-Reglo 4 channels, Hugo Sachs Electronics), and kept at 36 o C. A fluidfilled balloon was introduced into the left ventricle through a steel cannula with a latex balloon and connected to a P23Db Statham Pressure Transducer for measuring the isovolumetric cardiac force. The balloon was pressurized by a spindle syringe until it reached a preload of 10 mmHg.
Coronary perfusion pressure (CPP) was monitored with a P23Db Statham Transducer connected to a sidearm of the aortic perfusion catheter. Once the preparation was stabilized, baseline CPP was measured after about one hour and dose-response curves to 5-HT (5-hydroxytryptamine creatine sulfate; Sigma) were constructed by single injections administered at 10-min intervals. 5-HT (0.01 to 400 µg) was administered as a bolus injection in a volume of 0.1 ml saline. In the naive male and female groups, dose-response curves for 5-HT were constructed before and after endothelium denudation by infusion of sodium deoxycholate (deoxycholic acid, 2 mg/ml, for 10 min).
In all treatment groups, immediately prior to removing the hearts, blood samples were collected via puncture of the abdominal aorta to measure circulating levels of sex hormones. The blood samples were centrifuged immediately at 3000 rpm at 4 o C for 10 min to obtain plasma, which was kept at -20 o C for later measurement of testosterone and estradiol concentration by radioimmunoassay (Diagnostic Products Corporation, Los Angeles, CA, USA).
At the end of each experiment the left and right ventricles were removed and wet weights were measured. In some experiments using naive male and female animals, after the completion of dose-response curves to 5-HT, the coronary vascular bed was perfused with 10% neutral buffered formalin at a flow rate of 8 ml/min for 1 h. After weighing, both ventricles were immersed in 10% neutral formalin. Serial tissue blocks were cut at approximately 3-mm intervals and perpendicular to the long axis of the heart. Histological sections were stained with hematoxylin/eosin.
Statistical analysis
Dose-response data were analyzed by nonlinear regression analysis for fit to the equation: E = E max /(1 + (10 X /10 B ) n ), where E is the observed response, E max is the maximum response, X is the logarithm of the dose of 5-HT, B is the logarithm of the dose of 5-HT producing one-half maximal response (log ED 50 ), and n is a curve fitting parameter that defines the slope of the dose-responses curve. The Prism2 software (GraphPad Software, San Diego, CA, USA) was used.
The data are reported as means ± SEM. The InStat software (GraphPad Software) was used for statistical analysis. Where appropriate, one-way analysis of variance followed by the Dunnett post hoc test for comparison of treatment groups to their respective controls was performed to determine if the different treatments had effects on sero-tonin-induced coronary vasodilation. The correlation between baseline CPP levels and ventricle weight was assessed by the Pearson partial correlation coefficient adjusted for the rat weight. We used the partial coefficient of determination to measure the marginal effects of baseline CPP levels and ventricle weight. The level of significance was set at 5%.
Results

Baseline coronary perfusion pressure
The data for baseline CPP in each treatment group are summarized in Table 1 . Baseline CPP was significantly higher in female than in male naive rats. Castration had no effect on baseline CPP in hearts obtained from male rats. In female rats, castration caused a significant reduction (P<0.01) in baseline CPP relative to naive control female rats.
In castrated female rats, the baseline CPP in hearts obtained after 7 or 30 days of estrogen was not significantly different from that of the naive female control group. Treatment of castrated female rats with testosterone for 7 days resulted in a baseline CPP that was not significantly different from control, but treatment with testosterone for 30 days resulted in a significant (P<0.01) decrease in baseline CPP. In castrated male rats, treatment with estrogen for 30, but not for 7, days resulted in a significant (P<0.01) increase in baseline CPP. Treatment with testosterone for 7 or 30 days did not significantly alter baseline CPP relative to control naive male rats. Figure 1 shows the results of the regression analysis performed to determine if there was a correlation between right or left ventricular mass and baseline CPP that might explain the higher basal CPP observed in hearts obtained from female rats. No significant correlation was observed between baseline CPP and right ventricular weight. The slopes of the regression line of baseline CPP on left ventricular weight for both male and female rats were significantly different from zero. However, in each case the determination coefficient (r 2 ) was small, 0.073 and 0.072, respectively, for the female and male groups. Thus, the difference in basal CPP (see Table 1 , naive groups) in hearts from male and female rats was not explained by differences in ventricular weight. Additionally, it should be noted that there were no effects of castration and/or hormone replacement on ventricular weights.
Serotonin-induced coronary relaxation
The dose-response curves for coronary vasodilation produced by 5-HT in isolated hearts obtained from male and female naive Table 1 . Baseline values of coronary perfusion pressure (mmHg) in isolated hearts from the following groups of male and female rats: naive, castrated, and castrated and long-term treated with 17ß-estradiol or testosterone for 7 and 30 days. and castrated rats and rats castrated and treated with 17ß-estradiol for 7 or 30 days are shown in Figure 2 . The dose-response parameters are shown in Table 2 . The estimated maximal response for the 5-HT-induced decrease in CPP was greater in hearts obtained from naive female rats (Figure 2 , upper panel) than that in hearts from naive male rats ( Figure 2 , lower panel; P<0.05).
Although the E max for 5-HT-induced coronary relaxation was higher in hearts from naive female rats, there were no significant differences in the potency of 5-HT between hearts obtained from naive male and female rats ( Table 2 ). In hearts obtained from castrated female rats, although the dose-response curve for 5-HT was slightly shifted to the left, the difference was not significant. The maximum response was significantly (P<0.05) reduced compared to the curve for the naive female group (Figure 2, top panel) . After 7 or 30 days of estrogen treatment of castrated female rats, the E max values and log ED 50 values for the actions of 5-HT were not significantly different (P>0.05) from those for the action of 5-HT on hearts obtained from naive female rats (Figure 2 , top panel and Table 2 ).
In male rats, castration produced a significant decrease in the E max for 5-HT when compared to the naive group (Figure 2 , bottom panel). Seven days of treatment with estrogen did not alter the effects of castration on the responsiveness to 5-HT. However, after 30 days of estrogen treatment the responsiveness to 5-HT was restored in castrated males (Figure 2, bottom panel) . This treatment increased the E max to a value similar to that observed in naive female animals. None of the treatments produced significant changes in the potency of 5-HT ( Table 2) .
The effects of testosterone treatment for 7 or 30 days are shown in Figure 3 . In both male and female rats, 30 but not 7 days of treatment with testosterone reversed the castration-induced reduction in responsiveness (Table 2) .
Endothelium-dependent vasodilation
The results of studies in which the role of the endothelium in mediating 5-HT coronary vasodilation was examined are shown in Figures 4 and 5 and Table 3 . The results presented in Figure 4 show that in the hearts obtained from naive male and female rats, 5-HT-induced vasodilation was abolished after endothelial denudation. These experiments showed a significant difference in E max (P<0.05) between the naive male and female groups before endothelial denudation. The log ED 50 values for 5-HT-induced vasodilation and vasoconstriction were not significantly different between female and male rats (Table 3 ). Figure 5 shows the histological results of the removal of the coronary endothelium of female rats.
Hormone levels
Castration resulted in significant reductions in the levels of estradiol in female rats (from 44.0 ± 3.0 in naive rats to 29.6 ± 2.0 pg/ml in castrated rats). Similarly, castration resulted in a significant reduction in the levels of testosterone in male rats (from 0.67 ± 0.2 ng/ml in naive rats to undetectable values in castrated rats). In male rats, castration did not alter the plasma levels of estradiol. In castrated female rats, estradiol treatment for 7 or 30 days restored plasma levels to values not significantly different from those seen in naive female rats. In castrated male rats, treatment with testosterone for 7 days partially restored circulating levels of testosterone (0.37 ± 0.20 ng/ml) and treatment for 30 days resulted in plasma levels that were not significantly different from those of naive male rats. Interestingly, treatment with testosterone for 30 days of both male and female rats was associated with an elevation in plasma 17ß-estradiol levels to 37.0 ± 3.0 pg/ml in females and 36.3 ± 4.0 pg/ml in males, values similar to those seen in naive female rats and castrated female rats treated with 17ß-estradiol.
Discussion
The present study was carried out on isolated hearts with intact whole coronary vascular beds in the absence of a pharmacological elevation of vascular tone. Under these conditions, we found that basal CPP was significantly higher in hearts obtained from naive female rats than in hearts obtained from male rats. The influence of sex hormones in modulating this difference between groups was demonstrated by castration and subsequent hormone replacement. Castration of female rats reduced CPP to the same values as observed in naive male rats. In contrast, castration of male rats had no effect on basal CPP. Treatment of both castrated male and female rats with 17ß-estradiol for 30 days increased basal CPP. In contrast, treatment of castrated male rats with testosterone had no effects on basal CPP. In castrated female rats, treatment with testosterone for 30 days resulted in an elevation of basal CPP and also restored plasma 17ß-estradiol levels to those seen in naive female rats. Thus, the sex difference in basal CPP seems to be related to the presence of ovarian sex hormones, estrogen in particular.
It may be argued that the augmented value of basal CPP in the female group was due to the smaller size of female hearts. However, the influence of left ventricular weight on basal CPP seems to be minor. The coefficients of determination were similar for both male (0.072) and female (0.073) hearts. Thus, we may conclude that ventricular mass is not responsible for the higher CPP in female rats.
The estrogen-related difference in basal CPP seems to be paradoxical because estrogen is involved in mechanisms that reduce vascular tone (21) . The results of experimental and clinical studies have related estrogen to vascular smooth muscle relaxation both in vitro (13, 18, 22, 23) and in vivo (17, (24) (25) (26) (27) . However, other actions of estrogen ap-pear to exert opposite effects. With respect to the high level of CPP observed in the female group, it is known that estrogen may have indirect effects on the cardiovascular system, e.g., through an interaction with the adrenergic nervous system (28) . Many studies have indicated a synergistic effect with sympathetic activity through inhibition of norepinephrine uptake (29) , leading to an increase in vascular tonus. An increase in reactivity to norepinephrine has also been shown in oophorectomized (30) and prepuberal rats (23) treated with estrogen. Likewise, the renin-angiotensin system may also be responsible for the high CPP. This system has been associated with intramural reninlike enzyme and angiotensinogen levels in several organs, including the coronary circulation (31) . Oelskers (32) demonstrated that 17ß-estradiol increased the synthesis of hepatic angiotensinogen, raising the content of angiotensin II and sodium, with a consequent increase in arterial pressure. Further experiments are necessary to elucidate the basis for the estrogen-dependent elevated CCP and whether this elevation has a role in the cardioprotective effect of estrogen observed in female rats. 5-HT acts on multiple receptors to produce both vasodilator and vasoconstrictor effects on coronary vascular smooth muscle (33) . The relaxant effects mainly depend on the release of nitric oxide from the endothelium and the constrictor effects are due to direct actions on smooth muscle (34) . The results of the present study confirm the endothelial dependence of 5-HT-induced coronary vasodilation. Our results are also consistent with the proposed role of estrogen in modulating endothelium-dependent vasodilation (13) . The responsiveness to 5-HT, but not the potency of 5-HT, was higher in female than in male hearts. Thus, the influence of estrogen on 5-HT-induced coronary vasodilation seems to involve an increase in the number of functional receptors since only the maximal response was altered. However, this hypothesis needs to be further investigated. Following castration, the maximal response produced by 5-HT was reduced in both male and female rats and the sex difference in responsiveness was no longer seen. Estrogen treatment for either 7 or 30 days restored the responsiveness to 5-HT in the coronary beds of hearts from castrated female rats. On the other hand, castrated male rats were relatively resistant to this action of 17ß-estradiol. In male rats, estrogen treatment for 30, but not 7, days restored the responsiveness to 5-HT to a level similar to that seen in hearts from naive female rats. These results demonstrate that 17ß-estradiol modulates the ability of 5-HT to produce an endothelium-dependent vasodilation in the noncontracted coronary bed.
In castrated female and male rats, testosterone treatment for 7 days had no effect on the responsiveness to 5-HT. However, the responsiveness to 5-HT-induced coronary vasodilation in hearts from castrated male and female rats was restored after 30 days of treatment with testosterone. The increase in plasma 17ß-estradiol to levels similar to those seen in naive female rats following 30 days of treatment with testosterone in both male and female castrated rats suggests that the ability of testosterone to restore the respon- E max is the maximum response, log ED 50 is the logarithm of the dose of 5-HT (µg) producing one-half maximal response, and n is a curve-fitting parameter that defines the slope of the dose-response curve. Data are reported as means ± SEM. *P<0.05 compared to naive male rats before endothelial denudation (unpaired Student t-test).
siveness to 5-HT might have been indirect and due to its conversion to 17ß-estradiol. Taken together, our observations support the idea that estrogen modulates endothelium-dependent vasodilation. The ability of estrogen replacement to restore the endothelium-dependent vasodilator response in the intact coronary bed in castrated female rats is consistent with other studies that have shown this effect of estrogen replacement (13, 15) . Estrogen receptors are present in vascular endothelial cells and vascular smooth muscle cells (35, 36) where they play a modulator role in the basal release of nitric oxide (NO) (37, 38) . Furthermore, 17ß-estradiol has been recently reported to enhance expression of constitutive NO-synthase in cultured vascular endothelial cells and to induce both the neuronal and endothelial isoenzymes of NO-synthase in estrogentreated animals (39, 40) . Corroborating these experimental studies, Rosselli et al. (26) showed that serum nitrite and nitrate levels are higher in postmenopausal women submitted to hormone replacement therapy, providing indirect evidence of enhanced NO production induced by estrogen. Thus, estrogen-induced enhancement of NO release may be an important underlying mechanism in the cardioprotective effect of estrogen.
Our results indicate that differences in coronary vascular reactivity to 5-HT in isolated hearts from male and female rats are probably modulated by 17ß-estradiol and may be associated with higher release of endothelium vasodilator autacoids. Knowledge of the mechanism of action of estrogen on coronary arteries could aid in the development of new therapeutic strategies in which the cardioprotective effects might be separated from other components of estrogen activity, potentially decreasing the incidence of cardiovascular disease in both sexes.
